Preclinical models suggest that repeated high-dose methamphetamine (METH) exposures, administered in a "binge-like" pattern, acutely decrease norepinephrine (NE), and acutely and persistently decrease serotonin (5-hydroxytryptamine; 5HT) content in the frontal cortex. However, the impact of METH self-administration on this region is unknown. Because of the importance of the monoaminergic neurons in the frontal cortex to a variety of cognitive and addictive processes, effects of METH self-administration on cortical NE and 5HT content were assessed. Results revealed several novel findings. First, METH self-administration decreased cortical NE content as assessed 24 h after last exposure. Consistent with previous preclinical reports after a binge METH regimen, this decrease was reversed 8 d after the final METH exposure. Second, and in contrast to our previous reports involving the hippocampus or striatum, METH self-administration caused persistent decreases in 5HT content as assessed 8 d after the final METH exposure. Of note, the magnitude of this decrease (~20%) was less than that observed typically after a binge METH treatment. Third, prior METH self-administration attenuated METH-induced serotonergic deficits as assessed 7 d, but not 1 h, following a neurotoxic METH regimen. No protection was observed when the binge exposure occurred 15 d after the last selfadministration session. Taken together, these data demonstrate important and selective alterations in cortical serotonergic neuronal function subsequent to METH self-administration. These data provide a foundation to investigate complex questions involving "resistance" to the persistent deficits caused by neurotoxic METH exposure, and frontal cortical function.
Introduction
Methamphetamine (METH) users often display abnormalities in the frontal cortical structure and function that may contribute to impairments in executive functions and addiction (for review see Goldstein et al., 2011) . For example, reduced activations of areas of the frontal cortex have been reported in abstinent METH users during a Stroop task (Nestor et al., 2011) . Further, decreases in serotonin (5-hydroxytryptamine; 5HT) transporter (SERT) densities in the orbitofrontal, temporal, and anterior cingulate cortices as measured by [11C] (+)McN-5652 binding have been associated with increases in aggression ratings in abstinent METH users (Sekine et al., 2006) . Lastly, postmortem studies have shown decreases in 5HT content in Brodmann areas 11 and 12 in human METH users (Wilson et al., 1996) . These findings suggest that serotonergic neuronal changes within the frontal cortex in METH users may contribute to cognitive and psychiatric symptoms.
Norepinephrine (NE) in the prefrontal cortex also plays an important role in cognition such as working memory (Arnsten, 2011) . In contrast to 5HT, no changes in NE content were found in METH users when assessed postmortem (Wilson et al., 1996) .
Preclinical studies also indicate that METH administration, given according to a regimen that mimics some aspects of human "binging," rapidly decreased 5HT content, and tryptophan hydroxylase activity as assessed 1-2 h after METH exposure Graham et al., 2008; Kokoshka et al., 2000) . Further, such treatment decreased 5HT content and SERT immunoreactivity or [ 125 I]RTI-55 binding in the frontal cortex as assessed at least 7 d following METH exposure (Brennan et a l., 2010; Johnson-Davis et al., 2003; Preston et al., 1985; O'Dell et al., 2012; Reichel et al., 2012; Son et al., 2013 ; but see also Kosheleff, Grimes, et al., 2012 and Kosheleff, Rodriguez, et al., 2012) with decreases in 5HT content persisting for 139 d after METH exposure (Friedman et al., 1998) . In contrast, preclinical studies indicate that METH exposure causes acute but not persistent changes in NE content in the frontal cortex (Graham et al., 2008; Krasnova et al., 2010; Preston et al., 1985) .
Recent studies have focused on the impact of METH self-administration and have included studies wherein the impact of prior self-administration on subsequent METH exposure has been investigated. For example, 7 d of METH self-administration followed by a binge exposure of METH 24 h after the start of the last self-administration session lead to: 1) attenuated hyperthermia during the binge exposure of METH; 2) no alterations in brain METH concentration 1 h after binge exposure; and 3) attenuated persistent SERT deficits within the hippocampus compared to saline self-administration and METH challenged rats. The present study extends these findings by investigating the impact of METH selfadministration alone or prior to binge METH exposure on 5HT and NE content in another brain region, the cortex, which is thought to be affected by drug abuse (Goldstein et al., 2011) . These findings may have important implications for understanding tolerance to binge METH exposure. Further, findings of the current study may help elucidate the changes underlying the compulsive drug taking and disadvantageous behaviors associated with addiction.
Methods
Male Sprague-Dawley rats (275-300 g; Charles River Laboratories, Portage, MI) were housed four rats/cage. Following surgery, each rat was individually housed. Water was available in their home cage ad libitum. During food training, rats were food restricted such that no rat dropped below 90% of their starting body weight. Rats were maintained under the same 14:10 h light/dark cycle in the animal facility and in the operant chambers. Animals were sacrificed by decapitation. All experiments were approved by the University of Utah Institutional Animal Care and Use Committee, in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Core body temperatures and other data from these experiments have been reported previously (McFadden et al., 2012b) as noted below.
Prior to self-administration, rats were food trained and received a catheter surgery as described in McFadden et al. (2012b) . Because others and we have reported that food training predicts an animal's ability to acquire drug self-administration, all rats used were required to successfully acquire lever-pressing behavior for food (Frankel et al. 2011; Fuchs et al., 2005; Hanson et al. 2012; McFadden et al., 2012a; See et al., 2007) . Immediately following surgery and daily thereafter, catheters were infused with 0.1 ml of cefazolin followed by 0.05 ml of heparinized saline and heparinized glycerol. Catheter patency was checked by infusing 0.03 ml (20 mg/ml) of xylazine. Rats underwent 7 d of selfadministration (8 h/session; FR1; 0.12 mg/infusion racemic-METH [expressed in free-base form] or saline) during the light cycle in a room maintained at 29±1°C to promote lever pressing (Cornish et al., 2008) . For each active lever press, an infusion pump delivered 10 ul of METH or saline over a 5-s duration (Coulbourn Instruments, Whitehall, PA USA). During this period both levers were retracted. Following the infusion, the levers remained retracted for an additional 20 s. Pressing the inactive lever was recorded but resulted in no programmed consequences. METH self-administering rats were only included if they: 1) pressed an average of more than 10 active lever presses per d; and 2) the ratio of active/ inactive lever presses was ≥ 2:1. These criteria were largely based upon those of Brennan et al., 2010 . An escalation in daily METH intake occurred in all METH self-administration experiments similar to that described in McFadden et al. (2012a; see Figures 4A and 6A therein) . Rectal temperatures were measured using a digital thermometer (Physitemp Instruments, Clifton, NJ) as previously described (Danaceau et al., 2007; Doyle et al., 2010; Kelly et al., 2012; Kokoshka et al., 2000; McFadden et al., 2012ab; Son et al., 2013) and were recorded after a stable reading for at least 5 s. Animals were sacrificed 24 h or 8 d after the start of the last self-administration session or received a binge of METH or saline.
Twenty-four h or 15 d after the last self-administration session, rats were challenged with 4 injections of METH (7.5 mg/kg/injection freebase) or saline (1 ml/kg/injection) at 2-h intervals. Prior to the first injection, all rats were housed in a 22-23°C room. Following recording of basal temperatures, METH self-administering rats challenged with METH (METH/METH) were maintained in a warm environment (25°C) to permit hyperthermia (see McFadden et al., 2012b for greater details of these methods). Saline self-administering rats challenged with METH (Saline/METH) were maintained in a 22-23°C room. Animals were sacrificed 1 h or 7 d after the binge exposure. Rectal temperatures were measured using a digital thermometer (Physiotemp Instruments, Clifton, NJ) approximately 30 and 90 min after each injection as previously described (McFadden et al., 2012a,b) .
The whole brain was frozen on dry ice following striatum and hippocampus removal. A coronal slice (spanning +3.72 to +3.00 mm anterior to bregma including the motor, insular, and pyriform cortex; Paxinos et al., 2007;  Figure 1A ) of the left side of the brain was dissected from the frozen brains (approximately 10 mg wet weight) similar to that described in Kelly et al., 2012 . This coronal slice was stored at −80°C until it was sonicated for 3-5 s in 0.5 ml tissue buffer (0.1 M phosphate/citrate buffer, pH=2.5, containing 10% methanol). Fifty µl were injected onto a partisphere C-18 reverse-phase analytical column (5-µm spheres; 250 X 4.6 mm; Whatman, Clifton, NJ, USA). Mobile phase consisting of 0.05 M sodium phosphate, 0.03 M citrate buffer, 0.1 M EDTA, 0.03% sodium octylsulfate, and 20% methanol (pH=2.85, flow rate=0.75 ml/min) was used. NE and 5HT were detected using an ampherometric electrochemical detector with the working electrode potential set at +0.70 V relative to an Ag + /AgCl reference electrode. Protein concentrations were determined using the Bio-Rad Protein Assay (Bio-Rad Laboratories Inc., Hercules, CA).
Statistical analysis was conducted in GraphPad Prism (La Jolla, CA). Statistical analyses among groups were conducted using a t-test, analysis of variance (ANOVA) or repeated measures ANOVA followed by Newman-Keuls posthoc analyses. The data represent means ± standard error of the mean (S.E.M.) of 6-9 rats/group.
Results
METH self-administration led to reductions in cortical NE (t(12)=4.38, p<0.05) and a trend towards reductions in 5HT content (t(13)=1.85, p=0.09; Figure 1B ) 24 h after the start of the last session. As reported previously (McFadden et al., 2012b) , rats administered a total of 22.33±1.82 mg METH and had elevated body temperatures following self-administration (Saline: 37.39±0.10°C; METH: 38.51±0.12°C; t(13)=6.76, p<0.05). When assessed 8 d later, METH self-administration reduced 5HT content in the cortex (t(12)=2.28, p<0.05), and resulted in no change in NE (t(12)=0.85, ns; Figure 1C ). As previously reported (McFadden et al., 2012b) , rats self-administered a total of 26.33±1.49 mg METH and had significantly elevated average temperature following self-administration (Saline: 38.0±0.1°C; METH: 38.5±0.1°C; t(12) = 4.32, p < 0.05).
Prior METH self-administration reduced cortical 5HT deficits induced by binge METH exposure received 1 d after self-administration as assessed 7 d after the binge exposure (F(2,16)=29.84, p<0.05; Figure 2A) . Although there was an overall significant effect, posthoc analysis revealed no significant differences among groups in NE content within the cortex (F(2,16)=4.39, p=0.03; Newman-Keuls Multiple Comparison Test: Saline/Saline vs. Saline/METH: q=3.435, ns; Figure 2A ). As reported previously, animals self-administered a total of 21.68±1.86 mg METH (McFadden et al., 2012b) . Prior METH self-administration attenuated the increase in core body temperatures caused by the subsequent binge METH treatment during the first 2.5 h as well as the basal temperature (F(2,16)=103.3, p<0.05; see Figure 2D ).
The acute (1-h) decreases in 5HT and NE content following the binge METH exposure were similar between the Saline/METH and METH/METH groups when administered 1 d following self-administration (5HT: F(2,20)=66.03; p<0.05; NE: F(2,20)=75.45, p<0.05; Figure 2B ). Rats self-administered a total of 21.61±1.23 mg METH (McFadden et al., 2012b) . The METH/METH group had attenuated the hyperthermia (F(14,154)=12.09, p<0.05; Figure 2E ), 30 min following the first and third injection of METH and decreased basal temperatures.
Prior self-administration of METH did not protect against cortical 5HT deficits (F(2,20)=8.95, p<0.05; Figure 2C ) when the binge of METH was administered 15 d after self-administration as assessed 7 d after binge exposure. No changes were found in NE content (F(2,20)=0.59, ns; Figure 2C ). As reported previously, rats administered a total of 20.57±0.83 mg of METH during self-administration (McFadden et al., 2012b) . Similar hyperthermia during the binge of METH was achieved between the Saline/METH and METH/METH groups (F(2,20)=6.02, p<0.05; Figure 2F ).
Discussion
The current study is among the first to investigate the impact of METH self-administration on the frontal cortex. In particular, results revealed that METH self-administration reduced NE content 1 d after the start of the last session, although this effect recovered by 8 d following self-administration. These data confirm previous findings that noradrenergic neurons are resistant to persistent deficits caused by METH (Krasnova et al., 2010; Preston et al., 1985) . Further, and in contrast to the hippocampus or striatum, a second novel finding of this study is METH self-administration resulted in persistent cortical 5HT content depletions that were smaller in magnitude than those following a binge exposure. Third, prior METH self-administration attenuated METH induced depletions in 5HT content 7 d, but not 1 h, following the binge exposure when administered 1 d after self-administration As noted above, reductions in 5HT content were observed 8 d following METH selfadministration in the frontal cortex. These deficits are consistent with clinical findings (Wilson et al., 1996) . These decreases in 5HT content may be of significance to the cognitive deficits or psychiatric symptoms found in METH users (Robbins et al., 2007) . For example, decreased cortical SERT densities as measured by positron emission tomography in abstinent METH abusers were associated with increased aggression (Sekine et al., 2006) . Aggression is a psychiatric symptom of antisocial personality and conduct disorder which often comorbidly occur with METH or substance abuse (Glasner-Edwards et al., 2010; Yen et al., 2006) . Further, 5HT is an important regulator of neuronal excitability in the frontal cortex (Andrade, 2011) . Abstinent human METH abusers often display decreased frontal cortex activation and a greater number of errors during a Stroop task (Nestor et al., 2011) . This task is thought to reflect impairments in executive functioning and is impaired in people with attention deficit-hyperactivity disorder (Lansbergen et al., 2007) . Of note, deficits in attentional set-shifting were observed in rats following self-administration and these changes were related to changes in higher basal firing frequency and a greater proportion of burst-firing cells within the frontal cortex (Parsegian et al., 2011) . It is speculated that decreases in serotonergic function in the cortex may contribute to these cognitive deficits and drug addiction by impairing decision making and contributing to relapse.
METH self-administration prior to the binge of METH did not protect against the acute effects of METH on cortical NE and 5HT content. Similarly, escalating-dose pretreatments of METH did not protect against binge METH-induced NE and 5HT depletions in the cortex as assessed 2 h after binge METH exposure (Graham et al., 2008) . These findings suggest that the ability of a high-dose METH treatment to reduce NE and 5HT content and/or to alter the function NE and 5HT transporters are similar regardless of previous METH exposure.
In contrast to the acute effects, prior METH self-administration attenuated the persistent deficits induced by binge exposure to METH when given 1 d later. Animals that selfadministered METH prior to the binge METH exposure had attenuated serotonergic deficits 7 d after the binge exposure. This is consistent with escalating-dose pretreatments in that prior exposure to METH decreased binge-induced serotonergic deficits as assessed 7 d later (Johnson-Davis et al., 2003) . It can be speculated that the attenuated binge METH-induced persistent deficits afforded by prior METH exposure may explain why larger deficits are not observed in human METH users (Wilson et al., 1996) . However, in both the escalating-dose pretreatment and the current study, protection against the persistent serotonergic deficits in the cortex induced by binge METH exposure were lost when the binge exposure occurred 14-15 d after the last METH pretreatment (Danaceau et al., 2007) . These findings suggest METH exposure after prolonged abstinence may be a particularly vulnerable time for serotonergic deficits in the frontal cortex.
Attenuations in hyperthermia may be one contributing factor to the protection against persistent serotonergic deficits. The METH/METH group had attenuated temperatures during the binge exposures as well as basal temperatures compared to the Saline/METH group. Previous research has suggested that METH-induced hyperthermia can contribute to depletions in 5HT content, reduced tryptophan hydroxylase activity, and the formation of oxygen radicals (Bowyer et al., 2008; Yamamoto et al., 2010) . METH-induced hyperthermia can contribute to the breakdown of the blood-brain barrier (Bowyer et al., 2006; Bowyer et al., 2008) which is particularly prevalent in the cortex (Kiyatkin and Sharma, 2009 ). This permeability of the blood-brain barrier is hypothesized to contribute to a variety of other events including the activation of glial cells and the increase in brain water content which are thought to contribute to the persistent neurotoxic effects of METH (Kiyatkin and Sharma, 2009) . Further, amphetamine administrations the also effects the meninges, arachnoid and pia membranes, and associated vasculature to the forebrain by increasing mRNA expression of endoplasmic reticulum stress response related genes, vascular tone regulating genes, inflammatory response related genes and altered genes related to angiognesis (Thomas et al., 2009; Thomas et al., 2010) . In rats, hyperthermia promotes the formation of oxygen radicals and reduces tryptophan hydroxylase activity Stone et al., 1989) . The increased hyperthermia observed in the rats that self-administered saline prior to the binge exposure of METH in the present study may have contributed to an increase in the blood-brain barrier permeability, edema, glial activation, oxygen radical formation, a disruption the vasculature to the frontal cortex, and a decrease in tryptophan hydroxylase activity compared to the animals with previous METH exposure during self-administration and may have resulted in greater 5HT depletions within the cortex 7 d after the binge METH exposure.
Of note, other factors such as alterations in corticosteroids may also contribute to these findings (for reviews see Yamamoto et al., 2010) . Extended access to METH selfadministration reduced plasma corticosterone levels (Mandyam et al., 2008) . Increased corticosterone, administered through the drinking water, increases proinflammatory cytokines and chemokines mRNA in the frontal cortex which can be associated with neuronal damage (Kelly et al., 2012) . Further, chronic stress increases METH-induced plasma corticosterone levels, hyperthermia and serotonergic toxicity in the hippocampus (Doyle et al., 2010) . Prior METH self-administration may attenuate METH-induced corticosterone levels which may have reduced hyperthermia and 5HT depletions in the cortex. It is unknown how long the reduction in corticosterone levels occurs following METH self-administration, so it is unknown if a recovery in corticosterone levels may have resulted in the different findings when the binge was administered 1 d versus 15 d after selfadministration. Future studies may investigate the role of corticosterone in tolerance induced by METH self-administration.
Overall, the present data demonstrate that METH self-administration leads to persistent reductions in 5HT content within the cortex. Further, METH self-administration 1 d prior to binge METH exposure attenuates persistent, but not acute, 5HT depletions within the cortex. However, this reduction of persistent binge-induced deficits did not occur following 15 d of abstinence from METH self-administration. Future studies will investigate the mechanisms underlying these changes and the behavioral consequences of these changes in 5HT content within the cortex. Overall, these findings are of importance for future studies investigating the relationship between monoamines in the frontal cortex, tolerance, and drug abuse. 
